The design and construction of a field-free channel through the transverse central magnetic field of a 54-inch aperture magnet is described. 
Introduct ion
In this paper, we describe the design and construction of a superconducting flux exclusion tube 4 meters long and 1.3 cm average inside diameter, which is being used to create a field-free path through a transverse magnetic field of 1.5 tesla in an experiment at the Stanford Linear Accelerator Center. To the best of our knowledge, this is the first application of the flux exclusion properties of superconductors on such a large scale, and at these fields.
The experiment1 is shown in Fig. 1 . A 20-GeV/c electron beam containing 2 x lo4 electrons per 1.4-psec pulse is incident on a liquid hydrogen target. In the reactions of interest, high-energy particles are produced at angles in excess of 30 mrad to the direction of the incident beam. These particles pass through an analyzing magnet with a peak field of 1.5 T and are detected in large area spark chambers and shower counters. Many photons, low-energy electrons and positrons are also produced in the target at very small angles to the beam, typically at angles of m 2.5 X 10 -5 radians . The analyzing magnet would spread the charged particles out and create a severe background problem in the detection system, were it not for the superconducting flux exclusion tube through which they and the beam can pass without deflection.
The importance of creating a reduced-field path through the analyzing magnet was suggested to us by K. Heinloth, 2 the use of a superconductor to effect this by J. C. Pratt. 3 In the course of our work, we learned that similar superconducting shields were being developed at CERN by Firth, Krempasky and Schmeissner, 4 using many layers of copper-clad niobium-tin ribbon. The technique which we finally adopted is an extension of their method with the important difference that the individual layers of Cu-Nb3Sn tape are bonded together with a lead-tin solder to form a rigid tube of laminated superconducting material.
In Section 2, we briefly discuss the basic theory of flux exclusion. Section 3 reviews some early development work, while Sections 4 and 5 are concerned with the results obtained with test samples of various designs. Section 6 describes the construction of the 4-meter tube and cryostat, and the performance is discussed in Section 7.
Some Remarks on Field Screening
When a magnetic field is applied to a hard superconductor below its transition temperature, a certain amount of the field willpenetrate into the surface of the superconductor where it will induce screening supercurrents which will tend to keep the interior of the superconductor practically free from the magnetic field. Now, it is the basic premise of the theory of magnetization of hard superconductors5 that there exists a limiting macroscopic supercurrent density Jc (B) which the superconductor can carry, determined uniquely by the local magnetic induction B. Thus, by Amp&e's law, as the field is increased, the induced currents will spread into the interior of the superconductor. Up to the lower critical field, HcI, the field is totally excluded by the surface currents.
As soon as Hcl is exceeded, the flux begins to penetrate and superconducting regions immediately below the surface assume the mixed state. The rate of decrease of field with penetration depth is then evidently given by
while the local value of the critical current density Jc is related to the induction B by the relation6
where both a! and B. are constants of the material.
.-3-If Q! is evaluated at the operating temperature for the superconducting tape used in the present work, and if Jc is taken to be the average overall current density in the material, we find that B. = -.32 T and Q! = 4.15 x 10 10 tesla -2 amperes m .
Combining Eq. (1) and (2) provided that the demagnetizing coefficient n is taken as l/2. The thickness of superconductor, w, just sufficient to reduce the external field to zero is thus B2 + 2BoB w = w. CY or 2 w =-eq I-l,@ B", +B B 0 E in the equatorial plane. To achieve complete shielding of an external field of 1.5 T, the superconductor should therefore be at least 90 pm thick.
For our long, hollow, cylindrical shell of constant thickness w, placed in a uniform transverse field Be, the current distribution can be determined from
the boundary value solution, in terms of cylindrical harmonics, of the magnetic vector potential. It has the form
where 0 is the angle between the normal and the direction of the applied field.
For a diamagnetic cylinder, f(r) % 1, and the maximum current density in a l-mm thick shell in a field of 1.5 T is 2.4 x 10' A mW2. Also, the net induction at the exterior surface of the shell will be zero at 8 = 0, while it will be 2 Be at
The interaction of the supercurrents and the applied field results in a static inward radial pressure on the cylinder, given by which, with BE = 1.5 T, corresponds to a maximum pressure of 35.8 x lo5 N/m2 at 8 =&t/2.
In the present application, the cylinder is composed of two half-shells, with their line of separation at 8 = f 7r/2. The geometrical symmetry of the cylinder requires that the currents induced in the shells obey the condition 
Then if the dividing plane between the two half-cylinders is rotated about the longitudinal axis through a small angle 6 with respect to the applied field, we speculate that this rotation will result in an interior field of magnitude BE sin 6 , in a direction normal to the slots. This field produces a torque on the tube, whose magnitude per unit length will depend, among others, on the slot width and on the radius of the shells. We have attempted to measure this torque but our method proved to be insufficiently sensitive to determine the functional relationship of the relevant variables unambiguously. The torque can be quite large: at 1.0 T and 10 degrees rotation, the largest value measured was about 50 Nm per meter length of shield.
Thus to shield an external field of 1.5 T, we require a superconductor with a minimum critical current density of about 2.5 X 10' A m -2 , and a supporting structure designed to withstand a pressure of some 40 atmospheres, directed inwardly for flux exclusion but directed outwardly should flux become trapped inside . The structure must also resist the considerable torsional forces in addition to being capable of precise alignment. The gap between the two semi-cylinders of the superconductor must be small compared with the radius of the tube, in order to minimize field penetration.
Early Development Work
Our early attempts at constructing a flux-excluding tube were based on the assumptions that (a) niobium-titanium foil would have to be used, (b) adequate liquid helium permeation for cooling purposes is essential, and (c) the direction of the rolling of the foil is important, insofar as it produced a grain orientation which might enhance the critical current characteristics of the superconductor in a preferred direction.
We We concluded that adequate cooling did not appear to be limiting the shielding factor. Also, experiments not directly concerned with the shielding of magnetic fields suggested to us that the lack of mechanical stability, a feature common to all of our tests so far, might be preventing us from reaching greater shielding factors. In samples which were tested repeatedly, frequently with a trapped field remaining after the external field had been reduced to zero, we observed a progressive reduction in the shielding capability. Usually this reduction could be correlated with mechanical deformation of the shielding tube by the cumulative cyclic effect of the magnetic forces.
One further set of experiments should be mentioned here. It has been brought to our attention that the Linde Division of the Union Carbide Corporation had developed a process" for making high-field superconducting alloys by plasma plating niobium and tin and other powder blends onto shaped carrier substrates, followed by an appropriate heat treatment of the composite. We acquired two tubular composites, one made of Nb3Sn, the other of NbxTi. The behavior of the Nb3Sn tube is shown in Fig. 3 ; the NbxTi tube failed to shield more than 0.1 T. Again the shielding was relatively unsatisfactory for reasons that we were unable to explain.
As we saw no immediate improvement in the shielding characteristics and as we clearly had no control over the fabrication process, this method was considered to be unsuitable for our application. We therefore turned our attention to the remaining alternative, namely, Nb3Sn tape. With this thicker and more manageable material, we were able to reproduce quite consistently the earlier results and our conclusions remained unchanged.
Laminated Semi-Cylinders
The spiral wrap technique, based on 5-cm wide modules, is obviously unsuitable for any kind of tubular construction involving long lengths. Quite apart from edge effects which, as our measurements have shown, would have materially increased the number of layers per tesla required to shield the applied field, we found no solution to the problem of combining 5-cm wide tubes into an assembly some 4 m long. We therefore returned to the original concept of combining two semicircular shells into a long cylinder. The manufacturing process is illustrated in Fig. 5 . First, an aluminum die in the form of a semi-cylinder was-made, in which the requisite number of layers of superconductor were shaped.
As Wood's alloy proved difficult to work with, we switched to a 60 : 40 eutectic lead-tin solder whose melting point of 184' C was still low enough not to affect the properties of the superconducting tape or to delaminate it. The aluminum die with the superconducting tape under compression was warmed to just above the melting point of the solder, additional solder being added as required. After the bonded material had cooled, the protruding superconductor and excess die material were milled off to produce two accurate semi-cylinders. The two completed semicylinders were placed around the copper-plated stainless steel mandrel and clamped between the two machined female sections of the original die. This assembly was reheated with the addition of solder as necessary to join the two semicylinders to the central tube. Depending on the type of measurement, additional clamping was provided by either modified hoseclamps or by sliding a heated tightly-fitting copper or stainless steel tubular sleeve over the superconductor.
The irregular ends of the superconductor were usually machined off to provide samples of uniform length.
This method provided a consistent set of samples, the measurements of which will be described in the next section.
Experimental Measurements
With the exception of the initial experiments with NbTi foil tubes, which were studied in a C-magnet and in a large bending magnet, our measurements were made either transversely in the field of a 15-cm bore solenoid or in a split-coil superconducting magnet, with an iron yoke and shaped pole pieces, and a 5-cm gap.
The field internal to the tube was measured with a Hall plate; the applied field, initially calibrated using similar Hall plates, was obtained from the magnet energizing current.
The performance of each sample tube was recorded both
as an X-Y plot of the magnet current as a function of the internal Hall plate voltage, and as a digital record of the same data, plus the environmental parameters for the run. As our first series of measurements did not indicate a dependence of the shielding characteristics on the rate of change of the applied magnetic field (at least to within the accuracy of our measurements), no attempt was made to control the charging rate of the magnet. However, the characteristics of the magnet were such that rates in excess of 0.5 T per minute were achieved only in a very few measurements, and most measurements were made at rates of about 0.35 T per minute. A typical shielding curve Bext =Iapplied vs Bint = VHall > is shown in Fig. 6 . The smoothness of the penetration of the field into the shielding tube and its reversibility proved to be, after we gained experience, a measure of the skill and care with which the sample was assembled. Towards the end of our program, we were able to predict the behavior of our samples from their manufacturing history: If the tube went together well, without rework, usually no discontinuous behavior was observed. If, on the other hand, the solder did not wet the superconductor properly, or if the final reheating cycle was inadequate, or if the solder became overheated, the sample would almost certainly display I discontinuous field penetration.
In every case where the tube sample failed by a flux jump, we were able to restore the smooth field penetration characteristics by careful rework of the sample, either by resoldering or by providing additional mechanical supports or both. We were unable to detect any effects which could be ascribed to local instabilities caused by thermal gradients, overheating of the superconductor or local hot spots, using samples that were encased in stainless steel, copper, or were left bare. We also endeavored to examine the effect of increasing or decreasing the amount of copper in the superconductor as a function of the rate of change of the applied field. Doubling the copper content of our tapes and increasing the magnet charging rates from 0.05 to 0.5 T per minute produced no effect detectable by our measuring equipment. We therefore concluded that within the accuracy of our apparatus, our application, and our technique, both temperature and dynamic stability effects are not observed. By contrast, however, mechanical deficiencies in the construction of our sample tubes would invariably lead to abrupt field penetration, and this would occur in a remarkably cons istent pattern. We observed no "training" in this phenomenon. A tube that permitted the outside field to penetrate at 1.85 T one day would do so again, within f 0.05 T, one month later. The superconducting shells are made in the manner described before but on a much larger scale in a special furnace and under accurate temperature control. Our experience with the soldering process convinced us that the pre-,. tinning operation of the superconducting tape 'is of crucial importance and we therefore ordered the tape for the final shielding tube already tinned by the manufacturer.
The dies appropriate to each mandrel diameter were made in pairs, one for each semi-cylinder. The final assembly of the tube was made in the same jig and using the same dies in which each individual semi-cylinder was made. The overlap regions were made at least 50 cm long, and where required, brass filler shells were used to smooth out the transitions in the mandrel dimensions separating the superconductor subassemblies.
In the final reheating and soldering process, great care was taken to minimize the amount of solder used and to achieve a good bond.
The number of layers of superconductor in each pair of shells was chosen so as to give a minimum safety factor of 2 in the thickness, as judged from the data of Fig. 7 . The number of layers in each section is given in Fig. 9 .
Starting at the upstream beam window, the helium vessel has a cylindrical geometry with a diameter that increases stepwise from 16 to 36 mm. At the collimator (see Fig. 9 ), the helium container is formed of a square stainless steel tube, 2.7 m long and 38 mm on a side, placed on edge.
In order to align the shielding tube and to hold it against the almost unavoid- The square portion of the helium vessel is held inside the vacuum tank on two low-conductivity supports which serve both to maintain the tube concentric with the vacuum tank and to transmit any torque forces to the suspension system.
These two supports consist of perforated thin-wall stainless steel tubing, 50 cm long, their ends holding the square helium tank through two thin fiberglass spacers.
The vacuum envelope has collars welded to it in two places, each collar having two 
I
The presence of the shielding tube in a uniform magnetic field produces some distortion of the local field which should be reflected in the field measurements. We have determined that the effect of the tube on the external magnetic field is a change of 0.1% in the field value as measured at the center of a pole piece.
To date, the tube and cryostat have been thermally cycled between room temperature and 4.2' K some sixteen times, including three physics runs, averaging twelve days each, spaced by inactive periods of some six weeks during which the system was warmed to ambient temperature, with no detectable degradation in performance. During the last run, the tube was maintained cold
and superconducting for about fourteen days. On several occasions, malfunction of the magnet and its associated power supply system produced rapid varia- 
